Abstract: A series of eleven reservoirs was constructed in the Paranapanema River, southeast Brazil, for hydropower production. The phytoplankton structure and its relations with the environmental variables were studied in two of these reservoirs: a large upstream located storage system (high water retention time) and a small run-of-river system (short water retention time). The samples were collected quarterly for two consecutive years, at four sampling stations in each reservoir. Higher phytoplankton richness was observed in the semi-lotic compartments. Higher values of diversities were observed in the upper region of the run-of-river reservoir, under the influence of the larger storage reservoir discharges, and lower values were observed in deeper layers of this same reservoir. The pronounced variation on seasonal rain precipitation and operational water releases, retention time and quota had major influence in the phytoplankton assemblages. The influence of other environmental variables was also indicated by a canonical correlation analysis. Chlamydophyceae, Dinophyceae, Zygnemaphyceae, Chrysophyceae, Chlorophyceae, Bacillariophyceae and Cyanobacteria were positively correlated with higher transparency and depth; Euglenophyceae with temperature and Cryptophyceae with total phosphorus, dissolved oxygen, conductivity, turbidity, total nitrogen and total suspended solids. The influence of the storage reservoir on the phytoplankton of the downstream run-of-river reservoir was more evident in the dry period. During the rainy period the lateral tributaries effects seems to have a higher influence, especially on the smaller studied reservoir.
Introduction
The construction of large reservoirs is one of the most influential human impacts on the river ecosystems of the world (Straškraba & Tundisi 1999; Tundisi & Matsumura-Tundisi 2008) . In South America, especially in the Paraná River basin, there are 150 reservoirs, generally designed for electric power generation, with dam higher than 10 m and surface area larger than 50 km 2 (Agostinho et al. 2007 ). The construction of reservoirs on this continent has caused several hydrological and structural alterations in the rivers habitat, resulting in new organization of the aquatic communities. Studies on Brazilian reservoirs have shown that the phytoplankton community in these systems exhibits major alterations (Padisák et al. 2000; Silva et al. 2005; Nogueira et al. 2010) .
The spatial variation of phytoplankton in reservoirs located in the upper Paraná River basin, Brazilian territory, is mainly associated to the tributaries discharges and reservoirs compartmentalization and hydrodynamic (e.g. Nogueira 2000; Silva et al. 2005; Henry et al. 2006; Ferrareze & Nogueira 2006) . Seasonally, the phytoplankton is influenced basically by two contrasting periods: a warm-wet season (from late spring to early autumn) and a dry season (from late autumn to early spring). In the reservoirs of the high Paraná River basin, where is located the study area, it was already shown that the influence of the hydrological flow and weather regimes are responsible for the fluctuations in the phytoplankton biomass (Gomes & Miranda 2001) . In southeast and south Brazil, transitional zone between tropical-subtropical climate, the seasonal thermal stratification and circulation are also of major importance for the phytoplankton structure (Becker et al. 2008) .
Studies on spatial and temporal variation of phytoplankton in the reservoirs of the upper Paraná River basin are relatively scarce (Nogueira 2000; Padisák et al. 2000; Silva et al., 2005) . Information on how reservoir hydrology or operational functioning influence the plankton communities are still lacking. Storage reservoirs exhibited more lentic characteristics, with higher area, volume, depth and water retention time as they accumulate a high volume and used for regulation the upstream flow. Conversely, run-of-river reservoirs are generally smaller in size, area, volume and have low water retention time, representing a semi-lotic environment with intermediate fluvial characteristics. Despite some studies on phytoplankton in cascade reservoirs 968 G. Perbiche-Neves et al. (Toledo et al. 1983) in the upper Paraná basin Ferrareze & Nogueira 2006; Silva et al. 2005; Padisák et al. 2000) , the distinct compartments of particular kind of reservoirs were not properly (temporal or spatially) analyzed. Relatively detailed spatial-temporal scales have considered only for a particular reservoir in the cascade (Henry et al. 2006; Nogueira 2000) .
Therefore, it is important to enhance the knowledge on phytoplankton variation in reservoirs with distinctive hydrological functioning. The information could be useful for the system management, and for the understanding of the ecological functioning of these social and economically important water bodies.
In this study, we intended to evaluate the possible effects of the Chavantes Reservoir (storage system) in the downstream located Salto Grande Reservoir (runof-river system). In addition, we also tried to characterize the spatial complexity of each reservoir -riverine (lotic), intermediate and lacustrine (lentic) zones, as well as and the role of the main tributaries. Variations of phytoplankton diversity and correlations of the abundance with water physical and chemical variables were also analyzed. (Tundisi & Matsumura-Tundisi 2008) . In contrast, Salto Grande Reservoir has a small area of 12 km 2 , a volume of 44.2 hm 3 , a mean water retention time of only 1.5 days and a mean water discharge of 395 m 3 s −1 . There is no stable thermal stratification. In the vicinity of Salto Grande there is intensive use of the soil in agricultural activities (corn, sugar cane and soy bean) and livestock. As a consequence, the tributaries of this reservoir exhibits a high turbidity and transport high nutrients loads. In Chavantes, the use of the adjacent soil is less intensive. Additional limnological information for both reservoirs can be found in Nogueira et al. (2006) and Perbiche-Neves & Nogueira (2010) .
Material and methods

Chavantes
Samplings were performed quarterly: October-2005, January, April, July and October-2006 , January, April and July-2007 in Chavantes, and November-2005 , February, May, August and November-2006 , February, May and August-2007 in Salto Grande. Four sampling stations were determined in each reservoir, distributed as shown in Fig. 1 , and were named according to local names. The sampling design aimed to represent the different compartments of the reservoirs: lotic, intermediate (river-reservoir) and lentic zones. Lotic stations included the main tributary river mouths. Intermediate stations were characterized by slow flow, with small (storage reservoir) or medium (run-of-river reservoir) influence of the tributary rivers, and lower transparency than the lentic-lacustrine stations towards the dam.
Total phytoplankton samples (n = 210) per sampling station were obtained using a Van Dorn bottle at three or four depths: (1) surface, middle of the euphotic zone and bottom or (2) surface, middle and end of the euphotic zone and bottom, according to the local depth. The approximate limit of the euphotic zone was determined according to Secchi Disk depth (multiplied by 3). The samples were preserved with Lugol solution.
The main reference used for the phytoplankton identification were Bourrelly (1968 Bourrelly ( , 1970 Bourrelly ( , 1972 , Sant'Anna (1984) and Parra & Bicudo (1995) . After sedimentation, the organ- isms (cell, colony, and filament) were counted using inverted microscopy (sensu Utermöhl) (Utermöhl 1958 ) at a magnification of 400×. At least 150 optical fields distributed in parallel transects were examined, in order to reach at least 150 counted organisms per sample.
In order to evaluate the variation in the structure of the phytoplankton community, considering different depths and reservoir compartments, it was calculated the richness, the Shannon-Wiener diversity and the equitability.
Analysis of variance (ANOVA) was employed to verify differences among the ecological attributes, considering sampling stations and months. Previous requirements for this analysis, such as data normality and homogeneity of variance were fulfilled.
At the same depths of the total phytoplankton samplings, water samples were taken for analyses of nutrient concentration (total nitrogen -Mackereth et al. 1978, and total phosphorus -Strickland & Parsons 1960) , total suspended solids (Cole 1979) and chlorophyll a (Talling & Driver 1963) .
Simultaneously to the samplings, vertical measurements were taken, at every meter of depth, of the temperature, pH, dissolved oxygen, electric conductivity and turbidity, using a multi-parameter water analyzer Horiba (model U-22).
The estimated Theoretical Retention Time (TRT) was calculated for both reservoirs, using the operational volume and outflow (mean values) ratio.
The Trophic State Index (TSI) (Carlson 1977) was calculated using values of chlorophyll a, total phosphorus, and transparency.
Daily data of flow and operational quota of each reservoir during the studied period were provided by the electric company responsible for the reservoirs management (Duke Energy), and monthly means were calculated. Daily data of rain precipitation were obtained for the municipalities of Fartura (SP) and Cambará (PR), located in the Chavantes and Salto Grande Reservoirs watersheds, respectively.
Phytoplankton abundance was correlated with the water physical and chemical variables, using Canonical Correlation Analysis-CCA (R Development Core Team 2009). Ten physical and chemical variables were used, as well as the abundance of nine phytoplankton classes. Pearson linear correlation was employed and all data (limnological and phytoplankton) were transformed (log X + 1) for the analysis, using mean values for the water column. For those phytoplankton groups that were separated by the canonical axes, graphics with correlated variables were plotted, showing the total abundance of phytoplankton classes and the variables.
Results
In the region of the two studied reservoirs, higher precipitation indexes were registered in summer, between December and February (Fig. 2) . The altimetric water level of the reservoirs and the retention time decreased after a period of low precipitation. The decrease of these two parameters and the increase of flow were also associated with the operational regime of the dams by the electric producer company. In Chavantes Reservoir there was a clear temporal variation of the released flow, theoretical retention time, and altimetric level. This pattern was not observed for Salto Grande. The altimetric level and the water retention time showed a high amplitude and low frequency of variation in Chavantes Reservoir. Conversely, in Salto Grande Reservoir, there was a low amplitude but a high frequency of variation of those factors.
In Chavantes Reservoir, the highest released flow was registered in August/06. Due to the dry conditions in this period of the year (autumn and winter) the water volume of this large reservoir is used to regulate the flow to the downstream reservoirs. Thus, the dry period was associated with short retention time and to the decrease of the altimetric level due to the operational management. There was an increase of the water retention associated to the beginning of the rainy period, followed by the increase of the altimetric level, reaching higher values in early summer and autumn during both sampled years.
In Salto Grande Reservoir, the released flow and the water retention time were inversely related in several months, and there was no clear relation with the altimetric level as observed in Chavantes.
Mean values and standard deviation of physical and chemical variables are shown in Table 1 . In Chavantes chemical reduced conditions were found in deeper layers (> 30 m), for pH, dissolved oxygen, as well as high turbidity, due to a pronounced thermal stratification in the rainy period (late spring/summerDecember to March). Isothermal and isochemical conditions prevailed in the dry period (autumn/winterMay to August). No thermal and chemical stratification were observed Salto Grande Reservoir, and some variables such as turbidity, total suspended solids, total Fig. 3 . Phytoplankton taxonomical richness at the sampling stations of Chavantes (n = 119) and Salto Grande (n = 91) Reservoirs. Codes: Phytoplankton: Chlamy -Chlamydophyceae; Chryso -Chrysophyceae; Dino -Dinophyceae; Zygne -Zygnemaphyceae; Chloro -Chlorophyceae; Bacilla -Bacillariophyceae; Cyano -Cyanobacteria; Eugle -Euglenophyceae; Crypto -Cryptophyceae.
phosphorus, total nitrogen, exhibited an increase after the tributary entrances. The phytoplankton biomass (total chlorophyll a), was generally characterized by low values (Chavantes: mean = 1.64 µg L −1 , minimum = 0.99 µg L −1 , maximum = 3.45 µg L −1 ; Salto Grande: mean = 1.61
−1 ) during the whole study (Table 1) . No significant differences between sampling stations and months were observed.
The phytoplankton taxonomical richness did not exhibited significant variation among sampling stations (p = 0.07) or months (p = 0.13) when reservoirs were individually analyzed. However, when both systems were analyzed together, higher richness (f = 3.68; p = 0.02) was observed in the sampling stations with semi-lotic (reduced water flow) conditions.
For both reservoirs, higher number of taxa was found in the stations with semi-lotic conditions and with low depth. A total of 152 taxa were found in Chavantes and 162 in Salto Grande. In Chavantes, 80 taxa were observed in FAR station, 89 in RCL station, 111 in UCH station, and 85 in CHD station. In Salto Grande, 106 taxa were registered in USG station, 116 in PB station, 104 in PRM station, and 88 taxa in SGD station. Bacillariophyceae exhibited a higher number of taxa, followed by Chlorophyceae and Cyanobacteria (Fig. 3) . Higher richness was registered in Salto Grande (stations PRM, USG, and PB). In Chavantes, higher values were found in UCH station. The two dam zones (CHD and SGD) showed similar values.
The phytoplankton diversity (Fig. 4) in Chavantes exhibited relatively lower variation among sampling stations when compared to Salto Grande. In higher depths of Chavantes (FAR, RCL and CHD), low values of diversities were observed. Low diversity also was observed in spring (October/2005/2006) and summer (January/2007) in most sampling stations of Chavantes, coincident to decreased altimetric levels, or beginning of its recovery, and high water retention time. In April/07, higher diversities were observed, when the altimetric level was elevated, due to high precipitation since January/07, although a decreased water retention time still predominated. In July/06, relatively high and similar diversities were observed among the sampled stations, lower only in CHD. In this month it was observed high flow and low precipitation.
Higher diversities values, considering both reservoirs, were observed in Salto Grande, at USG station (surface), in February/06, and at PB station (4 m depth) in November/06 (Fig. 4) In Salto Grande, it was not observed a clear trend of the relations between diversity and variations of retention time, altimetry level and released flow. However, in the summer months, especially in February, low retention time and increase in flow was observed, resulting in low diversities, except at the surface in USG. It is important to consider that in this period of the year high diversity values were verified in CHD, the sampling station in Chavantes Reservoir next (upstream) to USG. In July and August/06, increase in flow and decrease in retention time were observed for both reservoirs. During this period there was a trend of decreased diversity in the deeper layers of Chavantes. Lower values were observed in all sampling stations of Salto Grande.
The equitability in Chavantes Reservoir exhibited, in general, values higher than 0.5 (Fig. 4) . In Salto Grande Reservoir, the equitability values showed higher variation, reaching values near 0.5.
The canonical correlation analyzes explained 76% of data variance in the two first canonical variables (52% in the first and 24% in the second) (Fig. 5) . In the first variable, Cryptophyceae was more associated with stations in the run-of-river reservoir and predominates in riverine or intermediate conditions, contrasting to the other phytoplankton taxonomical classes better correlated with lacustrine conditions, except Chrysophyceae and Euglenophyceae in the storage reservoir. The classes Dinophyceae, Zygnemaphyceae, Chlorophyceae, Bacillariophyceae, and Cyanobacteria were positively correlated with depth and transparency, predominant characteristics of Chavantes and upstream zone of Salto Grande Reservoir (USG and PB), before PRM entrance. Those stations, however, were negatively correlated with Cryptophyceae (the dominant class) and most limnological variables (dissolved oxygen, conductivity, turbidity, total nitrogen, and total suspended solids).
In the second canonical variable, Crysophyceae, Chlamydophyceae and Dinophyceae were also positively correlated with depth and transparency in the lentic stations of Chavantes and with the same stations in Salto Grande (USG and PB), as well as at SGD, where there is the mixture of the high turbidity water from Pardo River (PRM) with the clean water of the Paranapanema (Chavantes Reservoir) (Fig. 5) . Despite positioned in the same quadrant, the dissolved oxygen and conductivity were low correlated to these algae classes, which were linked to the first canonical variable with Cryptophyceae. In contrast, Euglenophyceae, Cyanobacteria and Bacillariophyceae classes were positively correlated to temperature and total phosphorus (slightly correlation also with pH and total suspended solids), been associated to different sampling stations, from lentic and deep regions in Chavantes to turbulent and lotic waters in Salto Grande.
The Zygnemaphyceae, Dinophyceae, and Euglenophyceae classes were much less abundant compared to the other classes. On the other hand, Cryptophyceae showed higher abundances followed by Bacillariophyceae, Cyanobacteria and Chlorophyceae.
The best correlations of the canonical correlation analysis indicated (Fig. 6) , it was observed that Zygnemaphyceae, Dinophyceae, Chrysophyceae and Chlamydophyceae exhibited certain increases of abundance associated to the increase in transparency and depth (generally the deeper stations have higher transparency), for both reservoirs, but mainly in Chavantes. Bacillariophyceae, Chlorophyceae and Cyanobacteria also were positively correlated to the increase in transparency, however in a less clear tendency than for the four classes previously mentioned. Bacillariophyceae, Cyanobacteria, and Euglenophyceae increased in abundance in response to the increase in temperature and total phosphorus, for both reservoirs. This tendency was especially evident for the Euglenophyceae in the rainy period.
Finally, Cryptophyceae was positively correlated with turbidity, dissolved oxygen, conductivity, and total nitrogen, showing evidences of increase in summer (rainy period) with high values of total nitrogen and turbidity (Fig. 6) .
Discussion
The number of species registered in the phytoplankton assemblages of Chavantes and Salto Grande Reservoirs is similar to the observed in other studies carried out in the reservoirs of Paranapanema River (Nogueira 2000; Borges et al. 2008; Nogueira et al. 2010) , however, lower than the observed in marginal lakes (Henry et al. 2006) and lotic stretches of this river (Ferrareze & Nogueira 2006) .
Higher number of species found in the stations with semi-lotic conditions and low depth can be attributed to the higher turbulence of these regions, creating different conditions from those found in the lentic regions. In the lentic and deeper regions (FAR, RCL, and CHD), the euphotic zone generally correspond to less than half of the water column, but it is enough for the development of type S and C strategists algae (Reynolds 1984) , including different representatives of Cyanobacteria and Chlorophyceae. Conversely, in the semi-lotic environments, with the predominance of higher water flow and turbidity, the conditions seems not to favor the development of S and C strategies, where R strategists algae, such as Baccilariophyceae representatives are succeeded. The downstream water released by Chavantes Reservoir contains high quantities of S and C algae, dominant in CHD station (Chavantes Dam) . This contribution from a lentic environment associated to sudden downstream changes to lotic or semi-lotic are responsible for a diversity increase in the local phytoplankton assemblages. Upstream located to the UCH station (Upstream Chavantes) there are other three reservoirs, and one of these (Jurumirim Reservoir) exhibiting a typical lacustrine condition with an area > 500 km 2 and a long water retention time .
For Chavantes Reservoir, the results pointed important differences in the phytoplankton diversity when considered different layers of depth. This feature can be attributed to the long retention time associated to high depth, showing well defined thermal stratification (warm monomictic) with thermocline located near 20 m depth. In winter, an isothermal profile was observed. Chemical reduced conditions in the deeper layers and the diminution of light limit the development of several phytoplankton species. Conversely, in Salto Grande Reservoir the differences in diversity among depths were relatively small, except occasionally in summer at SGD station (dam zone). The permanent high flow and short retention time of this reservoir, semi-lotic condition, did not possibility the formation of thermal stratification, only a trend of vertical heterogeneity in summer at SGD station.
As observed for the phytoplankton species richness, higher diversity values were observed in Salto Grande Reservoir, associated to the semi-lotic characteristics of the reservoir (short water retention time, high water flow, high turbidity, etc), in addition to the contribution of lentic waters coming from the dam zone of Chavantes, as previously mentioned. It is also important to mention that in Salto Grande there is the prominent influence, due to its relatively small size, of marginal lakes and tributary rivers, which certainly contributes to the increase of the diversity.
Phytoplankton temporal variation was related to the seasonality of the precipitation regime in both reservoirs, with a rainy period in summer and a dry period in winter. In summer, the reservoirs receive a high volume of water and nutrient loads from the tributary rivers. This fact is verified with the increase of the altimetric quota in Chavantes, in order to accumulate water to be used during the dry period, and also with the increase of flow in Salto Grande, due its reduced storage capacity. Thus, despite the same regional climate, the reservoirs are different in terms of hydrodynamics due to distinct engineering conception and operational management.
The canonical correlation analysis showed different associations with the environmental conditions for each group of phytoplankton. Cryptophyceae, the dominant class, was associated to a high number of variables, showing a wide tolerance capability. Reynolds (1984) points out the tolerance of this class to factors, such low nutrient concentrations, which are unfavorable to the development of most algae classes, such as Cyanobacteria and Bacillariophyceae. These two last classes were positively correlated to depth and transparency in Chavantes Reservoir -deeper regions and with stable water column, and with the sampling stations of Salto Grande (USG and PB) under Chavantes influence (downstream located). Becker et al. (2008) , studying a deep subtropical reservoir in Brazil, found six different succession periods on the basis of the phytoplankton composition, with alternation of the classes Cyanobacteria, Bacillariophyceae and Chlorophyceae, associated to stratification phases and water column mixing. Despite the stratification of the water column in summer in Chavantes, the high temperatures in the euphotic zone and nutrients input from tributaries, due to the rainy season, promote the maintenance of phytoplankton.
The phytoplankton in Salto Grande was highly influenced by the assemblages from Chavantes. This fact was more evident in the dry season, when a low influence of Pardo River and other tributaries (low volumes and loads) in Salto Grande is expected. In the rainy season, besides the high flow and decreased retention time (which is already short), the canonical correlation analysis showed high concentrations of suspended solids in PRM and SGD stations, caused by the transport of the superficial adjacent soils due to high precipitation, indicated by increase in turbidity, nutrients concentrations and decrease of transparency. Silva et al. (2005) did not find a significant effect of seasonal variation on phytoplankton assemblages from the cascade reservoirs of Iguaçu River, but these authors performed only two samplings, in the dry and rainy periods, respectively, and also at only one sampling station (in the dam zone). They emphasized that the hydrodynamics of each reservoir was the main influential factor. The proposed concept of a continuum cascade reservoir (CRCC) (Barbosa et al. 1999) was not verified in the stretch of Chavantes and Salto Grande Reservoirs, corroborating previous observations for the middle stretch of Paranapanema River, Capivara Reservoir, where lateral contributions from watershed are also very influential . The water trophic condition in Salto Grande Reservoir deteriorates after the entrance of Pardo River, indicating a downstream increase of the trophic state.
The long water retention time in Chavantes Reservoir seems to be an important factor acting on the structure of the phytoplankton assemblages, and also influence the reservoir downstream located (Salto Grande). Ferrareze & Nogueira (2006) has also mentioned the effects of distinct water retention time of the Paranapanema River reservoirs on the phytoplankton. Despite periods of decrease in retention time of Chavantes, the minimum time that was calculated (approximately 200 days) seemed to be sufficient for the development of relatively stable phytoplankton populations. As a consequence it was observed a relatively low variation in diversity and constant dominance of a few classes, such as Cryptophyceae and Chlorophyceae. Bergström et al. (2008) observed that the long retention time in different lakes of Sweeden has an important effect on the phytoplankton community structure of downstream located systems, mainly due to the exportation of algae associated to the total organic carbon.
In conclusion, the environmental variables such as rain precipitation, and respective induced changes, influence on the hydrological dynamics and phytoplankton assemblages of both reservoirs, particularly in the rainy period. The operational regime of Chavantes influences directly the Salto Grande Reservoir. These effects are more evident during the dry period. Hydrological changes due to variations in the released flow, the retention time, and the altimetric quota were correlated to differences in phytoplankton diversity and equitability. Low richness and diversities values were found in deeper zones (more than 30 m), in contrast to the ones observed in the shallow and semi-lotic regions. Considering the abundance of the phytoplankton classes, high correlations were calculated when considered the variables transparency, depth, temperature, total phosphorus, total nitrogen, total suspended solids, dissolved oxygen, conductivity and turbidity.
